In vivo radiolabeling of chloroplast proteins in barley (Hordeum vulgare L. cv Corvette) leaves and their separation by one-dimensional electrophoresis revealed at least seven heat-shock proteins between 24 and 94 kD, of which most have not been previously identified in this C3 species. Fractionation into stromal and thylakoid membrane components showed that all chloroplast heat-shock proteins were synthesized on cytoplasmic ribosomes, translocated into the chloroplast, and located in the stroma. Examination of stromal preparations by native (nondissociating) polyacrylamide gel electrophoresis revealed the presence of a high-molecular mass heat-shock protein complex in barley. This chaperone molecule does not take part in the final assembled complex (31). One such molecular chaperone within the chloroplast is RBP, which mediates the correct assembly of the Rubisco holoenzyme (9, 19). Despite the high degree of sequence homology between RBP and HSP60 proteins, however, it has yet to be shown that the synthesis of RBP increases significantly during heat shock. In plant cells experiencing heat stress, many of the induced cytoplasmic HSPs aggregate into morphologically unique structures known as HSGs (21, 22, [25] [26] [27] . HSGs appear in the cytoplasm as dense granular complexes under the electron microscope (21, 27) but exist as smaller-sized precursor particles under normal conditions. They consist of protein and RNA, with the protein component consisting of 5 to 10% of total cytosolic HSP70 and up to 80% of all HSP20 proteins synthesized during heat shock (22, 25) . The RNA portion consists of non-heat-shock mRNA transcribed prior to high temperatures, and heat-shock mRNA synthesized at the onset of heat stress (22, 27) . HSGs are thought to function as transient storage sites for non-heat-shock mRNA, preventing their degradation during heat stress (27). When temperatures are lowered after a period of heat shock, the HSGs become more dispersed and associate closely with organelles active in protein synthesis, such as polysomes. This facilitates the rapid reactivation of control mRNA translation during recovery (21).
chaperone molecule does not take part in the final assembled complex (31) . One such molecular chaperone within the chloroplast is RBP, which mediates the correct assembly of the Rubisco holoenzyme (9, 19) . Despite the high degree of sequence homology between RBP and HSP60 proteins, however, it has yet to be shown that the synthesis of RBP increases significantly during heat shock.
In plant cells experiencing heat stress, many of the induced cytoplasmic HSPs aggregate into morphologically unique structures known as HSGs (21, 22, (25) (26) (27) . HSGs appear in the cytoplasm as dense granular complexes under the electron microscope (21, 27 ) but exist as smaller-sized precursor particles under normal conditions. They consist of protein and RNA, with the protein component consisting of 5 to 10% of total cytosolic HSP70 and up to 80% of all HSP20 proteins synthesized during heat shock (22, 25) . The RNA portion consists of non-heat-shock mRNA transcribed prior to high temperatures, and heat-shock mRNA synthesized at the onset of heat stress (22, 27) . HSGs are thought to function as transient storage sites for non-heat-shock mRNA, preventing their degradation during heat stress (27) . When temperatures are lowered after a period of heat shock, the HSGs become more dispersed and associate closely with organelles active in protein synthesis, such as polysomes. This facilitates the rapid reactivation of control mRNA translation during recovery (21) .
Similar riboprotein complexes occur in the nucleolus as large perichromatin granules (21, 22, 24, 33) . These HSGs contain unprocessed precursor RNA species due to the thermal inactivation of intron splicing. Like cytoplasmic HSGs, the perichromatin granules disintegrate upon recovery and the return of normal nucleolus ultrastructure and functional processing of immature RNA (24, 33) .
As yet, no comparable HSG structure or heat-inducible molecular chaperone has been observed in chloroplasts during heat shock. A recent study, however, has reported the formation of a HSP complex (200 kD) in the stroma of pea chloroplasts (2) consisting of a well-characterized 21-kD HSP (7, 12, 37, 39, 40) . This study proposed that the 200-kD complex was the functional form of the 21-kD HSP in vivo, suggesting a possible homology to the cytoplasmic HSGs (2) .
The aim of this study was first to identify the range of HSPs synthesized in the chloroplasts of barley (Hordeum vulgare) leaves and their specific intra-chloroplastic location; these features have not been consistent in past studies on chloroplast HSPs. The second goal was to determine whether a HSP complex was formed in barley in vivo similar to the one previously reported in pea chloroplasts (2) .
MATERIALS AND METHODS

Plant Material and Growth Conditions
Barley (Hordeum vulgare L. cv Corvette) and pea (Pisum sativum L.) seedlings were grown in commercial growth cabinets (Lindner and May Pty Ltd., Australia) at 21/180C day/night temperatures. Light was supplied by a combination of fluorescent tubes and incandescent globes at quantum fluxes of 300 to 350 ,umol m-2 s-' on a 16-h day/8-h night cycle. Seedlings at the two-leaf stage (about 14 d old) were used for all experimental work.
Heat-Shock Conditions
The heat treatments for leaves were administered in a custom-built styrofoam cabinet with a transparent perspex lid, temperature control to ±10C, and air humidifier system. Irradiance was 550 to 600 Amol m-2 s-' (1500 W metal halide lamp, Sylvania, Australia). Control temperature treatments were carried out in the growth cabinet described above. Specific treatment temperatures and exposure times are given in the figure legends.
In Vivo Radiolabeling
All radiolabeling of proteins was carried out on barley leaves that were about 20 cm long and of 200 mg fresh weight. Each leaf was excised at the base under deionized water and transferred to a 1.5-mL microfuge tube containing deionized water. Radiolabeling of newly synthesized proteins was started by the addition of 25 to 50 uCi of [35S]methionine (specific activity >1300 Ci/mmol, Amersham, UK) after 1 h of each temperature treatment and continued for a further 3 h.
Isolation of Chloroplast Stromal Proteins
Chloroplast proteins were isolated by a method described by Gegenheimer (6) 
PAGE
One-dimensional gel electrophoresis (LiDS-PAGE) was performed as described previously (4) on linear acrylamide gradient gels (4-23% of 39% acrylamide/1% N,N'-methylenebisacrylamide) with 4% acrylamide stacking gels.
One-dimensional gel electrophoresis of stromal proteins under native conditions (native-PAGE) was carried out without LiDS on linear acrylamide gradients (3.5-27% of 39% acrylamide/1 % N,N'-methylenebisacrylamide) with 3.5% acrylamide stacking gels. Buffer pH in the stacking gel was 7.8. Electrophoresis was performed at a constant current of 20 mA 16 h-1 gel-' at 40C. Native/denaturing two-dimensional gel electrophoresis involved the separation of stromal proteins under native conditions in the first dimension, followed by separation under denaturing conditions in the second. After separation in the first dimension, the lanes containing the control and heatshock samples were excised from the gel slab. Duplicate samples and molecular mass standards were run on the same gel and cut off for protein identification. The excised lanes were then equilibrated for 30 min in 100 mm sucrose, 40 mM Tris/Cl, pH 8.3, 40 mm DTT, 1 mm EDTA, 5% (w/v) LiDS, and 1 mg/mL of bromphenol blue, layered on top of the denaturing slab gel, and sealed with 6% acrylamide stacking gel. Electrophoresis was conducted as described for LiDS-PAGE. Protein staining and fluorography were performed as described previously (4) .
Western Blouting
Western blotting of stromal proteins was performed according to a protocol modified from that described previously (36) using the commercial Hoeffer 'Transphor' apparatus (HSI, San Francisco, CA). After separation of proteins by either LiDS-or native-PAGE, the gels were rinsed in buffer D (192 mm glycine, 25 mm Tris/Cl, pH 8.5, 20% methanol, and 0.03% SDS) for 90 min and transferred electrophoretically to nitrocellulose (0.22-,gm pore size, Bio-Rad, Richmond, CA, at 60 mA 4h-' at 150C, buffer D). Proteins were stained on the filters with 0.1% Ponceau S as described previously (32) , marked, and destained in deionized water. Nitrocellulose filters were blocked in 20 mm Tris/Cl (pH 7.5), 150 mm NaCl, and 3% gelatine for 60 min at room temperature. All remaining steps were also carried out at room temperature. Filters were rinsed in buffer E (20 mm Tris/Cl, pH 7.5, 150 mM NaCl, and 0.2% Tween 20) for 5 min and then incubated with the primary antibody, polyclonal antiserum generated against the a-subunit of RBP from wheat. The secondary antibody was anti-rabbit immunoglobulin (whole antibody) linked to peroxidase (species specific) from donkey (Amer-using the enhanced chemiluminescence detection system (Amersham, UK) visualized on x-ray film.
RESULTS
Identification and Intraorganellar Location of Barley Chloroplast HSPs
Newly synthesized proteins identified in the thylakoid or stromal preparations from temperature-treated barley leaves and separated by LiDS-PAGE are shown in Figure 1 . The stromal fraction (Fig. 1A) contained four high-molecular mass (71, 76, 85, and 94 kD) HSPs and three lower-molecular mass HSPs of 24, 32, and 39 kD. The low-molecular mass HSPs were observed as intense protein bands (compared with the high-molecular mass HSPs), probably indicative of the greater quantity of low-molecular mass HSPs synthesized under such heat-shock conditions. However, the possibility that these HSPs were simply methionine-rich could not be discounted. Indeed, a highly conserved methionine-rich domain has been shown to exist in the low-molecular mass chloroplast HSPs in petunia, Arabidopsis thaliana, pea, soybean, and maize (2) . In contrast with the stromal fraction, the thylakoid fraction contained no discernible HSPs (Fig.  1B) . This was later confirmed by separation of the thylakoid polypeptides by high resolution two-dimensional PAGE (data not shown).
Genome Origin of Barley Chloroplast HSPs
To determine the genetic location of the barley chloroplast HSPs, the specific antibiotics cycloheximide and chloramphenicol were used to inhibit the translation of newly synthesized proteins by the cytoplasmic or organelle ribosomes, respectively. The HSPs identified in the stromal fraction of barley leaves heated in the presence of each inhibitor are shown in Figure 2 .
Most of the proteins found in the stromal fraction were synthesized on cytoplasmic ribosomes (Fig. 2 , compare lanes 1 and 3), an indication of the dependence of chloroplasts on protein import from the cytoplasm. Only three proteins were synthesized in the presence of the cytoplasmic translation inhibitor, the most prominent being the LSU of Rubisco (Fig.  2, lane 3) . By using the synthesis of the two Rubisco subunits as an internal control, the effectiveness of the inhibitor treatments was shown to be comprehensive. The LSU of Rubisco is coded for by the chloroplast genome and, accordingly, the synthesis of LSU was completely inhibited by chloramphenicol during heat shock (Fig. 2, lane 2) . In contrast, the SSU of Rubisco is a nuclear-encoded protein and the treatment of leaves with cycloheximide during heat shock resulted in the total cessation of SSU synthesis (Fig. 2, lane 3) . Because both inhibitor treatments entirely blocked the synthesis of proteins at their respective ribosomal sites, the genomic origin of the stromal HSPs observed in Figure 2 (lane 4) could be determined with confidence.
At least seven HSPs were detected in the stromal fraction isolated from heated barley leaves ( clearly synthesized when chloramphenicol was present during heat shock (Fig. 2 , lane 2), indicating that each was translated on cytoplasmic ribosomes. Apart from the LSU of Rubisco, two other proteins were synthesized during heat shock with cycloheximide (Fig. 2,  lane 3 ). These two proteins were not abundant at the control temperature (Fig. 2, lane 1) and their possibly chloroplastdirected synthesis during heat shock (lane 4) was tested by control and heat-shock treatments in the presence of cycloheximide. The results revealed that all the chloroplast-encoded proteins synthesized during heat shock were also synthesized at the control temperature and thus were not HSPs (data not shown).
gradient PAGE technique that has been used successfully to determine the molecular mass of native proteins (15) was used. To overcome any potential problem of slow migration (5), separations of native molecular mass standards were carried out over various electrophoresis times. These experiments showed that the pore limitation for those standards (66-880 kD) was reached after 32 h of electrophoresis. When the stromal fraction from barley was separated under the same conditions, the HSP complex was found to have a molecular mass of 265 kD. The Rubisco holoenzyme was also present in this fraction during separation and its molecular mass estimation of 560 kD was approximately 5% larger than the calculated size for this enzyme. Given this range, the molecular mass of the HSP complex was estimated to be between 250 and 265 kD.
Composition of Chloroplast HSP Complex
The composition of the barley HSP complex was examined using a native/denaturing two-dimensional PAGE system (Fig. 4) . The separation of native stromal proteins from barley chloroplasts is shown in Figure 3 . The most striking feature was the presence of a prominent HSP of around 280 kD. This HSP is a multimeric HSP complex, since similar-sized HSPs were not observed by denaturing PAGE (Fig. 1) and chloramphenicol, were carried out to determine whether the HSP complex could form in the presence of either translation inhibitor. Figure 5 clearly shows that the HSP complex was formed during heat shock in the presence of chloramphenicol (Fig.  5, lane 2) but not in the presence of cycloheximide (Fig. 5,  lane 3) . Its formation was independent of chloroplast protein synthesis. The 32-kD HSP was previously shown to be translated on cytoplasmic ribosomes (Fig. 2) . Inhibition of complex formation by cycloheximide was also consistent with the proposal of a homogeneous complex. However, this did not disprove the possibility that an additional nuclear-encoded protein was also involved. The fact that an additional polypeptide was not observed in the dissociation of the HSP complex (Fig. 4) their known molecular mass, supporting the estimate for the 32-kD HSP. The discovery of the 32-kD HSP as part of the HSP complex was interesting in view of the fact that the same HSP was observed among those unique HSPs identified previously in Figure 1 , and because it was different from the pea HSP22 protein complex. The results in Figure 4 also showed clearly that the 250-to 265-kD HSP complex from barley contained only one protein synthesized in detectable amounts. A homogeneous complex of 32-kD subunits would then imply an octamer configuration. The HSP complex, however, may contain other proteins that are not synthesized to any great extent during heat shock and therefore may remain undetected by radiolabeling (Fig.  4) barley HSP complex to examine its composition as well as any functional relationship with known processes within the chloroplast. An immunological test was performed using a specific polyclonal antibody directed against the a-subunit of the RBP from wheat (Fig. 6 ). This was of particular relevance because of the known function of RBP as a molecular chaperone in the assembly of the Rubisco holoenzyme (9, 19 The results in Figure 6 showed that RBP was present in the stromal fractions from both control and high-temperature-treated pea and barley leaves. Under native conditions, the size of the pea RBP holoenzyme was approximately 1000 kD, slightly larger than the barley RBP of 900 kD (Fig. 6A) . This size discrepancy was also evident under denaturing conditions (Fig. 6B) , where the pea a-subunit of RBP was 62 kD and the barley a-subunit 60 kD. The amounts of pea asubunit or RBP holoenzyme did not dramatically alter during heat shock when compared with the control level. For barley, however, the amount of a-subunit rose slightly after heat shock, whereas the RBP holoenzyme increased significantly upon heating. The slight induction of RBP at high temperature was consistent with the unpublished findings by Dr. E.
Vierling (personal communication)
. In contrast, the antibody failed to cross-react with the HSP complex, indicating that the complex did not contain proteins with significant homology to the wheat a-subunit of RBP.
The possibility that the HSP complex may contain nonproteinaceous material, such as nucleic acids, was examined by treating the HSP complex with RNase and DNase (Fig. 7) . Such treatment should lead to the dissociation of the HSP complex. Incubation with RNase (Fig. 7, lane 2) or DNase (Fig. 7, lane 3) resulted in no significant loss of the HSP complex. Although it is possible that any bound RNA or DNA may have been protected from the nuclease treatment by a protein "coat' of the 32-kD HSP, it is more likely that the complex consists solely of protein.
The possible similarity of the HSP complex to the RBP holoenzyme was also examined by the addition of equimolar concentrations of Mg2" ions and ATP (Mg24/ATP) to the stromal fraction containing the HSP complex. Mg24/ATP at a concentration greater than 100 jtM has been shown to dissociate the RBP complex into its constituent a-and #-subunits, resulting in the concomitant release of any associated Rubisco subunits (9, 19) . However, incubation of the HSP complex in the presence of 8 mm Mg2`/ATP resulted in no significant dissociation of the HSP complex (Fig. 7, lane  4) . The HSP complex was also shown not to be phosphorylated in vivo after heat shock at 380C for 4 h (data not shown). Chloroplast HSPs have been characterized in the green alga Chlamydomonas reinhardtii and several higher plants (pea, tobacco, soybean, maize, Arabidopsis thaliana, Nicotiana plumbaginifolia, bean, cowpea, and Sorghum vulgare) (2, 7, 8, 11-14, 19, 21, 23, 29, 34, 35, 37, 39, 40) . Most of these studies have concentrated on HSP20 proteins of 21 to 29 kD, despite the fact that several other HSPs, usually of higher molecular mass, were also reported. In soybean, pea, and maize, in vitro experiments were performed with total poly(A)+ RNA that was isolated from heated cell suspensions or leaves and translated. The translation products were incubated with intact chloroplasts isolated from pea. Two HSP20 proteins (22 and 27 kD) were detected for soybean and one each for pea (21 kD) and maize (24 kD). For all three species, however, two higher-molecular mass (73 and 86 kD) HSPs were also translated and transported into the chloroplast in vitro (39) . Another similar in vitro study on maize, also using total poly(A)+ RNA isolated from heated leaves, observed the import of three high-molecular mass (57, 70, and 98 kD) HSPs, as well as the 24-kD HSP, into intact pea chloroplasts (23). In all these in vitro studies, the HSPs were found in the stroma and not associated with the thylakoid membranes.
The transport of these low-and higher-molecular mass HSPs into chloroplasts in vitro was confirmed in vivo for pea by two studies (21, 39) . Further in vivo studies include one on bean leaves, where six HSPs were observed in the stroma (22, 66 , and four 80-110 kD) (35) , and another on tobacco leaves, where five stromal HSPs (13, 22, 23, 74 , and 85 kD) were induced (21) . The HSP profile for barley found in this study (Fig. 1) was consistent with the observations in these plant species.
Of the three lower-molecular mass HSPs in barley, the 24-kD HSP was of the same molecular mass as that observed in the stroma of maize chloroplasts (23, 39) . This HSP in maize has been shown to be homologous to the major chloroplast HSP in pea (21 kD) and soybean (22 kD) (23, 37), now known generally as HSP22. The slightly larger molecular mass of the HSP22 homolog in maize was believed to be a characteristic of all monocotyledonous species, a proposal supported by the results presented in Figure 1 for barley and by the recent isolation of a cDNA clone to the HSP22 homolog in wheat (42) . The presence of the 32-and 39-kD HSPs in the stroma of barley, however, has not been reported previously in any of the other species studied to date. The 32-and 39-kD HSPs were present in quantities comparable to the 24-kD HSP. The fact that neither of these HSPs have been observed in other species does not necessarily suggest that these two HSPs are unique to barley because the chloroplast HSPs have been characterized only in relatively few species to date. Furthermore, although only a single HSP20 protein has been shown in chloroplasts for pea and maize (12, 21, 23, 39) , two exist in both soybean and C. reinhardtii. These two HSPs were the 22-kD HSP, apparently specific to dicotyledons, and a second, larger HSP of around 28 kD (34, 39) . Given that the monocotyledon homolog to the 22-kD HSP is 24 kD in size, it is possible that the 32-kD HSP observed in barley is homologous to the second, larger HSP of 28 kD found in soybean and C. reinhardtii.
The HSP22 homologs of all species studied to date are nuclear-encoded and synthesized as higher-molecular mass precursors in the cytoplasm. The size of the precursor, however, varies among species. In soybean it is 28 kD (40); the 21-kD HSP in A. thaliana has a 26-kD precursor (37); and two precursor forms exist for the HSP22 homologs in pea (26 and 27.5 kD) (37, 40) and maize (27.5 and 29 kD) (23, 37) . It is possible, therefore, that the 32-and/or 39-kD HSPs present in the barley chloroplast stroma are precursors to the lowermolecular mass proteins such as the 24-kD HSP. However, this explanation is doubtful for two reasons. Significant levels of precursor forms to the HSP22 homologs have been detected only in the cytoplasm (37) , not in the chloroplasts, of other plant species. Also, the possible accumulation of precursors within the chloroplast as a result of a decrease in the maturation efficiency is not supported by the continued import and subsequent processing of non-HSPs, such as the SSU of Rubisco and light-harvesting Chl proteins of PSII, during the heat stress (Fig. 1) .
The intrachloroplastic location of the HSP22 proteins has been a point of contention for several years. Localization studies with total poly(A)+ RNA isolated from heated cell suspensions of higher plant leaves translated in vitro and the newly synthesized proteins incubated with intact chloroplasts showed the HSPs to be located in the stroma (39) . In contrast, similar in vitro studies with C reinhardtii cells and pea leaves showed that the localization of the HSP22 homolog was dependent on whether the isolated chloroplasts used for the import of translated HSPs came from nonheated or heated leaves. In the former, the HSP22 homolog would be in the stroma; in the latter it would preferentially bind to the thylakoid membranes (12) . It was also shown that most HSP22 only bound to the thylakoid membranes when the chloroplasts were isolated from leaves heated for 2 h at 380C or above (7), which seemingly resolved the earlier discrepancy brought about by the fact that the previous studies had used chloroplasts isolated from nonheated pea leaves (39) .
In vivo studies concerning the location of the HSP22 homolog in pea were inconclusive (2, 12, 39) . In C reinhardtii, preferential association of this protein with the thylakoid membranes was suggested to be with the grana stacks (8, 12, 34) . This was corroborated by immunocytochemical localization of most of the 22-kD HSP in the granal fraction of thylakoid membranes isolated from heated cells (8) .
Binding capacity of HSP22 to the thylakoid membranes in vitro was not only dependent on high temperatures but also on the PPFD during the import of HSP22 into the chloroplast (7). Pea HSP22 homolog only bound to the thylakoid membranes at very low PPFD (100 ,umol m2 s-1 or below), and the Chlamydomonas experiments were all performed at less than 50 ,mol m-2 s-. This dependency on PPFD during heat shock appeared to resolve the conflicting location of HSP22 in the earlier studies. All studies that found the HSP22 homologs in the stroma were carried out at relatively high PPFD (200-300 Mmol m-2 s-1), and a recent study examining the location of the pea HSP22 homolog in vivo demonstrated convincingly that under the heat-shock conditions of 380C for 2 h at 240 ,imol m-2 s-', at least 80% of all HSP22 was in the stroma (2) .
The location of all barley chloroplast HSPs in the stroma ( Fig. 1) was consistent with the results of the in vivo studies on other plant species discussed above where heat shock was carried out at relatively high PPFD (2, 37, 39) . It is likely that the in vivo results reflect more accurately the in situ situation because higher plants would rarely experience temperatures of 38 to 450C in near darkness outside the laboratory. This fact must call into question the functional relevance of the HSP association with thylakoid membranes at low PPFD.
Most chloroplast HSPs have been shown to be translated on cytoplasmic ribosomes and to be imported posttranslationally (12, 23, 37, 39) . This was demonstrated both in vitro and in vivo by the use of cycloheximide and chloramphenicol in concentrations similar to those used in this study (Fig. 2) . Confirmation of the transcriptional origin of the HSP22 homolog of pea, soybean, maize, and C reinhardtii was obtained by the isolation of specific cDNA clones for each protein (8, 23, 40) . However, only one study so far has reported chloroplast-encoded HSPs in higher plants (14) , although no genes for such HSPs have yet been isolated.
This report is the first to show the formation of a chloroplast HSP complex during heat stress. The participation of HSPs in multimeric structures is a common feature in all organisms and all are constitutive proteins that exhibit varying degrees of enhanced synthesis at high temperatures (18, 20, E. Vierling, personal communication). The bacterial and mitochondrial HSP60 proteins form a complex of 14 homologous subunits with 7-fold rotational symmetry (18) . RBP, however, forms a heterologous complex consisting of six aand six ,8-subunits (19) . The RBP complex binds newly synthesized LSU and SSU of Rubisco, facilitating correct assembly and ensuring solubility in the stroma (30, 41) . The fact that the level of RBP increased at high temperatures (Fig. 6) was interesting because the synthesis of LSU and SSU has been shown to decrease dramatically during heat shock (38) . It is now known that RBP also mediates the correct folding and/or assembly of other chloroplast polypeptides such as ATP synthase, glutamine synthetase, and light-harvesting Chl protein of PSII (17) . Therefore, it appears that RBP remains functional at high temperatures but may interact with additional polypeptides other than the Rubisco subunits. The fact that the 265-kD chloroplast HSP complex in barley is not antigenically related to RBP (Fig. 6 ) and the finding that it does not dissociate in the presence of Mg2+/ATP (Fig.  7) would suggest that this complex does not have a homologous function to RBP at high temperatures.
Most HSP20 proteins participate in multimeric structures either in the cytoplasm as HSGs (22, 25, 26) , or within the nucleolus as large perichromatin granules (22, 24, 33) , where they act as storage sites for various RNA species, preventing their degradation during heat stress and allowing a rapid return to normal RNA processing when the stress is alleviated (21, 24, 27, 33) . Hydropathy analysis has revealed a highly conserved region in the amino acid sequence of all HSP20 proteins (16, 28) that is believed to facilitate their formation into multimeric structures (10) . A similar domain has been found in the chloroplast HSP22 proteins (3) and, indeed, may be a characteristic feature of chloroplast low-molecular mass HSPs. Any possible functional similarity between the barley chloroplast HSP complex observed in this study and cytoplasmic HSGs or perinuclear granules would suggest that certain RNA species should be associated with the HSP complex. However, the chloroplast HSP complex in barley does not contain either RNA or DNA, and thus is likely to have a unique role within the chloroplast.
The HSP22 proteins also share another, methionine-rich domain that forms an amphipathic a-helix (3). This domain is similar to three regions in a methionine-rich domain of the 54-kD component of SRP (1) . This 54-kD protein acts as the signal peptide-binding factor of SRP, initiating the eventual translocation of polypeptides across the ER. The proposed ahelices of the methionine-rich domain are believed to form a groove on the surface of the protein, with the methionine residues protruding inward to facilitate the binding of signal peptides by hydrophobic interactions (1). The relative flexibility of the methionine side chain may enable a diverse range of signal peptides to be recognized by the SRP (1). The fact that the chloroplast HSP22 proteins also have such a methionine-rich region and supposedly form a higher-molecular mass complex in vivo has led to the proposal that they function in a manner similar to the SRP (3). In this study, however, the presumed HSP22 homolog in barley (24 kD) did not aggregate into a multimeric structure in vivo. Instead, a high-molecular mass HSP complex (250-265 kD) consisting of the 32-kD HSP only was observed in the stroma of barley chloroplasts. Whether the chloroplast HSP complex in barley is homologous to the 200-kD complex reported to be formed by the HSP22 protein in pea, or whether the 32-kD subunit possesses a methionine-rich domain, will require the isolation and sequencing of the gene coding for this HSP in barley.
